A possible solution for water purification from heavy metals is to capture them by using nanoparticles in microfluidic ducts. In this technique, heavy metal capture is achieved by effectively mixing two streams, a nanoparticle solution and the contaminated water. In the present work, particles and water mixing is numerically studied for various inlet velocity ratios and inflow angles of the two streams. The Navier-Stokes equations are solved for the water flow while the discrete motion of particles is evaluated by a Lagrangian method. Results showed that as the velocity ratio between the inlet streams increases, by increasing the particles solution flow, the mixing of particles with the contaminated water is increased. Thus, nanoparticles are more uniformly distributed in the duct. On the other hand, angle increase between the inflow streams ducts is found to be less significant.
Introduction
Water quality problems are a persistent global issue since population growth, urbanization and industrialization, have continually stressed hydrological resources [1] . Heavy metals released into the environment from plating plants, mining and alloy manufacturing pose a significant threat to the environment and public health. Heavy metals have the ability to accumulate in the environment but the major concerns are that is not biodegradable and cannot be metabolized or decomposed.
Exposure to heavy metal mixtures is a common and important parameter of toxicity in human and environmental health issues. The effects of heavy metals on health may be loss of memory, allergic reactions, high pressure, depression, irritability, aggressive behavior, insomnia, dyslexia, increased cholesterol, triglycerides, neuropathy and autoimmune diseases just to mention few ones [2] . Therefore, reliable methods are needed to remove heavy metals in environmental and biological samples [3] [4] [5] [6] . Furthermore, current water and wastewater treatment technologies and infrastructures are reaching their limit for providing adequate water quality to meet human and environmental needs [7] .
Advances in nanotechnology offer great opportunities in the treatment of water [8] . The combination of nanotechnology and microfluidics may offer an effective water and wastewater treatment. Furthermore, this combination can provide new treatment capabilities that could allow economic utilization of unconventional water sources to expand the water supply [9] .
In this study, a contaminated by heavy metals water stream and a particle solution stream are inserted in a microfluidic duct under different inlet velocity ratios and angles. A series of numerical simulations is performed for the study of this inlet effect on the particle distribution in the duct. In Section 2, the numerical methodology for the water flow, the particles' motion and simulation details are described. Results and discussions of the particles mixing are presented in Section 3 with emphasis to the influence of different inlet angles and velocity ratios. Finally, the most important conclusions of the current study are summarized in Section 4.
Materials and Methods
The slow water flow in the 3D duct of the microfluid device that is shown in Figure 1 with a square cross-section is expected to be laminar and steady-state. The length of the micromixer is L = 5 × 10 −4 m while the height and the width is equal to W = H = 1 × 10 −4 m. The two streams, the contaminated water and the particulate one, are entering the micromixer from two different inlet ducts, mixed in the duct and leave the domain from the common outlet. Three different inlet angles θ (i.e., 30°, 45°, 60°) are studied. The incompressible Navier-Stokes equations are solved in the Eulerian frame, for the pressure and the velocity u, together with a model for the discrete motion of particles in a Lagrangian frame. The laminar governing equations of the fluid phase are given by [10] :
where, is the time and the kinematic viscosity of the water. The equations of each single particle motion in the discrete frame are based on the Newton law and may read as follows:
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where, the index i stands for the ith-particle with diameter , and are its transversal and rotational velocities, respectively, and m is its mass. The mass moment of inertia matrix is and the terms and correspond to the linear and angular accelerations, respectively. , and
, are the normal and tangential contact forces, respectively. , stands for the hydrodynamic drag force, , is the total force due to buoyancy and , and , are the drag and contact moments, respectively. The OpenFoam platform is used for the calculation of the flow field and the uncoupled equations of particles motion. The simulation process reads as follow; initially, the fluid flow is found using the incompressible Navier-Stokes equations and the pressure correction method. Upon finding the flow field (pressure and velocity). The motion of particles is evaluated by the Lagrangian method. The equations are evolved in time by an Euler time marching method. The computational grid for the micromixer duct that is studied here is composed by 81,250 (hexaedra) cells which is adequate for the low Reynolds number of the current flow which is maximum value is * ≃ 2 10 , based on the height of the duct and the mean velocity . Details of the numerical models, forces and moments terms forms used on equations are given in Refs [10, 11] .
Results
For the evaluation of the water-particle mixing process inside the micromixer device, series of simulations are performed with different velocity ratios of the contaminated water (Vc) and the particle solution (Vp) under three different inlet angles between the two streams. Simulation parameters as well as the boundary conditions are tabulated in Table 1 . Results and statistics from the water-particle mixing process are measured at the last part of the ducts for lengths when mixing is finished and particles are moving only streamwise. The streamlines of the flow are depicted in Figure 2 (left), for different inlet velocity ratios = 0.5, 1 and 20 and for θ = 30°. In addition, snapshots of the particle positions inside the micromixer are presented in Figure 2 (right) for the same inlet velocity ratios. It is found that, as the inlet velocity ratio is increased, particle trajectories are more uniformly distributed in the duct. In the case of the high inlet velocity ratio 20 , the particle solution is more effectively mixed with the contaminated water and particles are nearly homogenously distributed in the duct, as is depicted in Figure 2c . However there is a small area at the higher part of the duct that no particles can be found, as is depicted in Figure 3c . As the inlet ratio is lowered to 1, no mixing between the two streams is observed, as is depicted in Figure 2b . Furthermore, when the inlet ratio is further reduced to 0.5, the particle solution is compressed in the lower part of the micromixer device, as is depicted in Figure 2a . Lower ratios between the two streams leads the particles to be gathered in a small area of the duct, as is depicted in Figure 3a ,b, thus no mixing is observed. The flow and mixing of the water-particles streams for the velocity ratio, 20 for 0.0001, 0.002 and for three different angles, θ = 30°, 45°, 60°, between the two inlet streams is depicted in Figure 4 for the streamlines of the flow and the particles locations (snapshot). As it is observed for this high inlet velocity ratio, particles are almost independently of θ distributed uniformly in the duct and only in the region close to the inlet bifurcation some minor differences may be observed. More quantitative results on the particles' distribution are given below. The zx-projected particles' locations distributions at the last half part of the duct are shown in Figure 5 for various velocity ratios, and for θ = 30°, 45° and 60°. The height of the duct H is divided into 10 layers and the number of particles found in each level is divided by the total number of particles, thus a uniform distribution of particles up to 10% is considered to be the optimum one. For the case 0.5, no mixing is observed since all the particles are located at heights y/H ≤ 0.5 of the micromixer. As the velocity ratio is increased more effective mixing is observed and for 5 the particles mixing is almost uniform. Similar behaviour is also observed as the angle between the two streams increases to 45° and 60°, as is depicted in Figure 5b ,c. 
Conclusions
In the present study the effect of the water-particles flow and mixing under different inlet velocity ratios and angles of the contaminated water and the particle solution ducts is studied. It is found that when small velocity ratios, are used the mixing process efficiency reduces significantly. As the velocity ratio increases, the mixing is improved and for 5 particles' locations are distributed almost uniformly inside the micromixer's outlet duct. The angle between the two inflow ducts is found to have a minor effect on the mixing process that is intensified as θ increases. Our results justify the use of electromagnetic stirring of the particles in the micromixer as in [8] .
